INTRODUCTION {#sec1-1}
============

Bioactive compounds are largely obtained from medicinal plants. Solid-liquid extraction is used in many chemical, biochemical and pharmaceutical industries for recovery bioactive compounds. Plants generally contain only a small amount of active compounds, but in most cases its high value justifies the development of the high-performance process. The need for effective extraction of bioactive compounds from plants without any loss of activity and high purity has resulted in development of newer process of extraction.\[[@ref1][@ref2]\]

Conventional extraction from plants comprises solid-liquid techniques depending usually upon organic solvents which present various shortcomings such as toxic residues, chemical transformation of extracts, use of a large quantity of organic solvents which are harmful to human and environment and long-term processing. In recent years, increases on the development of techniques that overcome these drawbacks with safer solvents have been observed. The use of ultrasound irradiation during the extraction procedure presents several advantages in terms of shortening the time of the process, decrease the volume of the extracting solvent and increasing the yield of the extraction in comparison with conventional methods.\[[@ref1][@ref3]\] In this paper, some principles and factors that influencing the ultrasound assisted extraction are presented. The next sections presents some recent applications of ultrasound coupled with extraction techniques under high-pressure, as well as results of mathematical modeling.

MECHANISM OF ULTRASOUND ASSISTED EXTRACTION {#sec1-2}
===========================================

The intensification of extraction process using ultrasound has been attributed to the cavitation phenomena. The effects caused by the ultrasonic waves are compression and expansion cycles during the passage through the fluid. The expansion can create bubbles or cavities in a liquid. This is so when the negative pressure exerted exceeds the local tensile strength of the liquid, which varies depending on its nature and purity. The process by which vapor bubbles form, grow and undergo implosive collapse is known as cavitation.\[[@ref4]\] The conditions within these imploding bubbles can be dramatic, with temperatures of 4500°C and pressures up to 100 MPa, which in turn produces very high shear energy waves and turbulence in the cavitation zone. The combination of these factors (pressure, heat and turbulence) is used to accelerate mass transfer in the extraction process.\[[@ref5]\]

Ultrasound also exerts a mechanical effect. In pure liquids, the bubble retains its spherical shape during the collapse, as its surroundings are uniform. However, when the bubble collapses near a solid surface it occurs asymmetrically and produces high-speed jets of solvent toward the cell walls. These jets have a strong impact on the solid surface, therefore, increasing the solvent penetration into the cell and increasing the contact surface area between solid and liquid phase \[[Figure 1](#F1){ref-type="fig"}\].\[[@ref4][@ref6]\] Another effect caused by the ultrasound wave on the solid material is that the ultrasound waves can facilitate the swelling and hydration and so cause an enlargement in the pores of the cell wall. This will improve the diffusion process and therefore enhancing mass transfer.\[[@ref7]\]

![Collapse of cavitation bubble and release of plant content (adapted from Pingret *et al*.\[[@ref3]\])](PRev-8-88-g001){#F1}

In general, the largest sonochemical effects are observed at lower temperatures, when majority of the bubble contents is in the gas. With a decrease in the vapor pressure of the mixture, there is an increase of the implosion intensity, thus increasing the ultrasonic energy produced upon cavitation.\[[@ref8]\] The frequency of ultrasound also exerts significant influence on the yield and kinetic extraction. However, this influence depends of the medicinal plant structure and the target compound.\[[@ref9]\]

The ultrasonic wave distribution inside an extractor is also a key parameter in the design of an ultrasonic extractor. The maximum ultrasound power is observed in the vicinity of the radiating surface of the ultrasonic horn. Ultrasonic intensity decreases rather abruptly as the distance from the radiating surfaces increases.\[[@ref9]\] Furthermore, ultrasound intensity is attenuated with the increase of the presence of solid particles. In order to avoid standing waves or the formation of solid free regions for the preferential passage of the ultrasonic waves, additional agitation or shaking is usually used.\[[@ref10]\]

FACTORS THAT AFFECTING ULTRASOUND ASSISTED EXTRACTION {#sec1-3}
=====================================================

Since the cavitation phenomenon is the principal responsible by the intensification of the extraction process, the parameters that affecting cavitation also affecting the extraction process performed under ultrasound effects. Besides the parameters intrinsically related to the ultrasonic devices (such as the frequency, wavelength and amplitude of the wave), the ultrasonic power (in kWh/L) and consequently intensity have also an effect on the extraction. The characteristics of the extraction medium as temperature and pressure, viscosity, surface tension, vapor pressure, besides nature and concentration of dissolved gas and presence of solid particles, if any, also determine the magnitude of the effect caused by the ultrasound in the extraction process and can affect not only the extraction yield but also the composition of the extract and consequently its biological properties.\[[@ref3][@ref5]\] We will discuss these factors in the following sections.

Ultrasonic power, intensity and density {#sec2-1}
---------------------------------------

The use of ultrasonics in industrial process has two main requirements; a liquid medium (even if the liquid element forms only 5% of the overall medium) and a source of high energy vibrations (ultrasound). The vibrational energy source is called transducer, which transfers the vibration (after amplification) to the so-called sonotrode or ultrasonic probe, which is in direct or indirect contact with the processing medium. However, the measurement of the actual acoustic energy applied in a sonochemical process is quite difficult. Sometimes, considering the different power level of the device, authors show the values of power applied as, for example, "20% of the total electric power capacity" and this is not as accurate measurement at all. In fact, in most of the ultrasound devices, the power measured is not proportional to the power step shown, leading to wrong conclusions or irreproducible results.\[[@ref5][@ref11]\]

Even knowing the ultrasonic power actually applied, it is difficult to compare the effects because often the results are not only reported on the different basis, but are also influenced by the geometry of the extractor. For instance, to report data indicating only the power applied is not enough. Indicating the power intensity (W/cm^2^) or the power density (W/cm^3^) is more appropriate.\[[@ref11][@ref12]\]

The intensity or amplitude of waves is used to classify the industrial applications: Low-intensity ultrasound with \<1 W/cm^2^ and high-intensity ultrasound with 10-1000 W/cm^2^.\[[@ref13]\] The power density takes account the vessel volume which the ultrasound acts and it is very important, especially for the case of ultrasonic baths, where the whole bath volume should be considered. In addition, when the processing intended to be scalable, power density should be considered, that takes in to account extremely different acoustic streams and the corresponding difference results in the new volume.\[[@ref5][@ref11]\]

Medium pressure {#sec2-2}
---------------

The cavitation effects in ambient liquids are well-known and their application to conventional solvent extraction is well-established. However, when a liquid is pressurized, the acoustic intensity required to produce cavitation also increases and this generally places a natural limitation on application of ultrasonics to high-pressure processes. In ordinary solvents, cavitation does not occur at elevated pressures.\[[@ref14]\]

To initiate the growth of a cavitation bubble, an acoustic pressure above the so-called Blake threshold pressure (*P*~B~) has to be applied.\[[@ref15]\] Eq. 1 assumes that the static gas pressure (*P*~0~), the vapor pressure (*P*~v~), the surface tension (σ) and the equilibrium radius of the bubble (*R*~0~) determine the required negative pressure in the liquid medium to start the explosive growth of a cavity.

![](PRev-8-88-g002.jpg)

During pressurization of a liquid, the Blake threshold pressure increases, which imply that higher acoustic pressures are needed to produce cavitation. Obviously, no cavitation occurs when the Blake threshold pressure exceeds the maximum acoustic pressure.\[[@ref16]\] Kuijpers *et al*.\[[@ref17]\] showed sonoluminescence evidence for the occurrence of cavitation in CO~2~ at 7.5 MPa and 10°C which is well below the critical temperature of CO~2~. These authors argue that the high vapor pressure and low surface tension of the fluid counteracts the external pressure applied. They demonstrated that the threshold pressure of liquid CO~2~ at 5.82 MPa is equal of the threshold pressure of water at 0.1 MPa and 20°C. The phenomenon was further studied by the same group and published by Kemmere *et al*.\[[@ref16]\] who observed that the cavitation collapse of a bubble was not strong enough to create hot-spots for monomolecular conversion in bulk free-radical polymerization of methyl methacrylate using CO~2~.

Although cavitation has thus been established in near-critical carbon dioxide, the absence of phase boundaries would appear to prohibit bubble formation above the critical point. This would imply that rate enhancement of supercritical fluid extraction (SFE) process can occur only through the turbulence associated with acoustic streaming or through simple mechanical vibration.\[[@ref18]\]

In contrast, Thompson and Doraiswamy\[[@ref19]\] pointed that an increase in the ambient reaction pressure generally results in an overall increase in the sonochemical effects due to the decrease in the vapor pressure of the mixture. Decreasing the vapor pressure increases the intensity of the implosion, thus increasing the ultrasonic energy produced upon cavitation. However, to observe this effect, the threshold pressure should be exceeded.

Extracting solvent physical properties {#sec2-3}
--------------------------------------

The selection of the best extracting solvent for ultrasound assisted extraction normally depends on its physical properties (surface tension, viscosity and vapor pressure) because these properties affect the cavitation intensity in a liquid phase.\[[@ref1]\] Although the cavities are more easily formed with a solvent that has a high vapor pressure, low viscosity and low surface tension, the cavitation intensity increases for solvents with low vapor pressure, high viscosity and high surface tension.\[[@ref19]\] The intermolecular forces in the liquid must be overcome in order to form the bubbles. Thus, solvents with high densities, surface tensions and viscosities generally have a higher threshold for cavitation but more harsh conditions once cavitation begins.\[[@ref20]\]

Kuijpers *et al*.\[[@ref17]\] calculated that the threshold pressure of the liquid CO~2~ equals that of atmospheric water at 5.82 MPa and 20°C. For water at 5.82 MPa, a very high acoustic pressure is required to create cavitation. The threshold pressure in water is determined only by the static pressure and the surface tension of the liquid, because of its low vapor pressure. Because the vapor pressure does not change significantly with increasing temperature, the threshold pressure of water is approximately constant. On the other hand, since CO~2~ condenses at a substantially higher pressure, its vapor pressure has a substantial influence.

Moreover, the cavitation phenomenon leads to the formation of highly reactive species that lead to chemical reactions. These effects starts during the collapse of the cavities in pure aqueous systems, gaseous water molecules entrapped in expanded microbubbles are fragmented as in pyrolysis and the mainly species formed are OH radicals. In aqueous media containing volatile organic gases and solutes, cavitation collapse not only results in the scission of water molecules to hydroxyl and hydrogen radicals, but also in the formation of organic radicals.\[[@ref20][@ref21][@ref22]\]

Furthermore, cavitation can increase the reaction rates of existing process or start new reaction mechanisms by the formation of other reactive radical species. Those statements could suggest dramatic changes in the parameters as temperature or pressure of the bulk surrounding but this is not the case because the time scale for these microreactions is too small to affect cellular structure and enhance mass transport.\[[@ref11][@ref23]\] Balachandran *et al*.\[[@ref18]\] studied the ultrasonic enhancement of the supercritical extraction from ginger and performed some tests for prove the effects of cavitation. As initiation of polymerization reactions by free radicals formed during cavitation is an established technique under ambient conditions, experiments were performed to determine if polymerization could be initiated by sonication in CO~2~ at supercritical conditions. The results showed no polymerization of methyl methacrylate. The authors concluded either that there could be no cavitation collapse to generate free radicals or the collapse of the cavitation bubble is very weak and unable to create hot spots and induce radical formation.

Presence of dissolved gas in the medium {#sec2-4}
---------------------------------------

The type of radicals formed also depends on the presence and gas type dissolved in the medium. The gases act as nucleation sites for cavitation and then bubbling gases through the mixture facilitates the production of cavitation bubbles, but the type of gas used is important. In general, gases with high specific heat ratio give a greater cavitation effect than one with low specific heat ratio. Monoatomic gases (i.e. argon and helium) convert more energy upon cavitation than diatomic gases (i.e. oxygen) due to the larger ratio of specific heats. Thompson and Doraiswamy\[[@ref19]\] and Adewuyi\[[@ref20]\] provided these and more information about the presence and nature of the dissolved gases on cavitation and reactions under ultrasound effects.

RECENT APPLICATIONS OF ULTRASOUND FOR HIGH-PRESSURE EXTRACTION PROCESSES {#sec1-4}
========================================================================

The combination of techniques, which can provide synergistic effects based on the similarity in the controlling mechanisms or supplementary roles, can be a viable option with possible commercial applications. This approach meets to the environmentally friendlier concept of saving resources by optimization of process conditions and/or introducing a new process technologies to preparations of valuable compounds.\[[@ref1]\] Ultrasound-assisted process can be conveniently coupled with other techniques that are performed under high-pressure such as the extraction processes: Supercritical fluid extraction (SFE and pressurized liquid extraction (PLE).

Ultrasound assisted supercritical fluid extraction {#sec2-5}
--------------------------------------------------

The use of supercritical fluids as solvents is an interesting alternative for obtaining natural products with high quality without generating toxic residues. The usage of this technology increased rapidly, with new applications being developed almost every day.\[[@ref24]\] Extraction with supercritical carbon dioxide is also considered as environmentally friendly technology which has gained acceptance as an alternative to conventional solvent extraction because its important advantages such as non-toxic, recyclable, cheap, relatively inert and non-flammable.\[[@ref25]\]

Nevertheless, SFE has some drawbacks that caused new researches to overcome them. The associated high cost of the high-pressure equipment has being considered at all times as the main drawback to SFE. However, recent studies have been established that SFE can be economically viable. For obtaining oil from grape seed, the SFE Process is economically viable in the 50 L plant, depending on the selling price of products (lower than US\$ 100.00/kg).\[[@ref26]\] Prado *et al*.\[[@ref27]\] also studied the economic viability of SFE of oil and carotenoids from three Amazon palm trees: Buriti, pupunha and pressed palm fiber. Under the conditions studied, the prices of SFE oils were higher than selling prices of pressed oils, not because of the investment cost, but because of the raw material cost.

In addition, the economics of SFE is affected by slow kinetics of the process. Since high-pressures are normally used in SFE, mechanical stirring is difficult to be applied. The use of high-intensity ultrasound represents a potential efficient way to enhancing mass transfer process because of some mechanisms (radiation pressure, streaming, agitation, high amplitude vibrations, etc.). Thus, the application of ultrasound during SFE affects both the kinetics and the extraction yield once this is probably the unique practical way to produce agitation during SFE.\[[@ref25][@ref28][@ref29][@ref30]\]

Several studies have shown benefits on the SFE provided by ultrasound irradiation. Therefore, the application of ultrasound during supercritical extraction process has been proposed as a mechanism both for rate acceleration and extraction yield improvement \[[Table 1](#T1){ref-type="table"}\].

Riera *et al*.\[[@ref28]\] firstly developed a pilot-scale ultrasound assisted CO~2~ extraction of oil from almonds. The ultrasound power was promoted by a piezoelectric sandwich transducer inside the extractor. The results showed that in the end of the process the kinetics and the extraction yield enhanced by rate of 30% and 20%, respectively, when an ultrasound power of about 50 W was applied. Thereafter, other authors applied different configurations of ultrasound assisted CO~2~ extraction to obtain compounds from different medicinal plants with positive results as shown in [Table 1](#T1){ref-type="table"}. [Figure 2](#F2){ref-type="fig"} shows possible configurations of UASFE. The configuration with ultrasonic probe (A) are preferred over that with ultrasonic bath (B) since the transducer is fitted externally in the ultrasonic bath there are some power attenuation as the ultrasound passes through the extractor walls. Hence, the power density inside the extractor somewhat lower than that provided by the output controller.

###### 

Comparison of different benefits on the SFE provided by ultrasound irradiation for selected medicinal plants

![](PRev-8-88-g003)

![Possible configurations of ultrasound assisted supercritical fluid extraction (UASFE). (a) UASFE by ultrasonic probe -- T: CO~2~ tank; B-1: Cooling bath; B-2: Heating bath; P: Pump; EC: Extraction column; UP: Ultrasonic probe; US: Ultrasonic power supply; CV: Collector vessel; V-1, V-2, V-2: Control valves. (b) UASFE by ultrasonic bath -- T: CO~2~ tank; B-1: Cooling bath; B-2: Heating bath; P: Pump; EC: Extraction column; UB: Ultrasonic bath; CV: Collector vessel; V-1, V-2, V-2: Control valves](PRev-8-88-g004){#F2}

Ultrasound assisted pressurized liquid extraction {#sec2-6}
-------------------------------------------------

PLE has been successfully used for the extraction of several bioactive compounds from different plants.\[[@ref37]\] A major advantage of PLE over conventional solvent extraction methods conducted at atmospheric pressure is that pressurized solvents remain in a liquid state well above their boiling points, allowing for high-temperature extraction. These conditions improve analyte solubility and the kinetics of desorption from matrices.\[[@ref38]\]

The use of a PLE technique is an attractive alternative because it allows for fast extraction and reduced solvent consumption. PLE enables the rapid extraction (\<30 min) of analytes in a closed and inert environment under high-pressures (no higher than 20 MPa) and temperatures (25-200°C). Hence, extracting solvents that are inefficient in extracting at low temperatures, may be much more efficient at the elevated temperatures used in PLE.\[[@ref39]\]

Based on positive results obtained by coupling ultrasound with other extraction techniques, the Richter\'s group in Chile studied the extraction of contaminant compounds from soil using PLE coupled with ultrasound.\[[@ref40][@ref41]\] In the first work,\[[@ref40]\] the authors observed that when the PLE was assisted by ultrasound, the extraction time can be reduced from 20 to 10 min obtaining quantitative recoveries of aliphatic and polycyclic aromatic hydrocarbons from soils. When UAPLE was compared with Soxhlet extraction, the results provided were statistically lower than those obtained by the conventional method. However, it is important to point that the extraction time is decreased from 20 h to \<1 h and the organic solvent used in the extraction procedure can be decreased to \<5% of its initial value. In other work,\[[@ref41]\] to extraction of polychlorinated biphenyls from biosolids, the recovery of the PLE method was 73%, which was significantly improved (103%) when PLE was assisted with 30 min of ultrasound.

The experimental apparatus used to UAPLE is similar to that used for UASFE presented in Figure 2, except that the solvent no needs to be pressurized before get in the system because it is already in the liquid state. Normally, PLE employs generally recognized as safe (GRAS) solvents, such as ethanol and water.\[[@ref42]\] However, the use of aqueous surfactant solutions as alternative solvent systems in PLE was reported for the extraction of ginsenosides from ginseng roots (*Panax quinquefolium*). When compared with the use of pure water or methanol, the presence of a common non-ionic surfactant (Triton X-100) in water at a concentration above its critical micelle concentration enhanced the amount of ginsenosides extracted. The advantages of using aqueous non-ionic surfactant solutions were also demonstrated by comparing performances between ultrasonic-assisted extraction and PLE methods. These advantages may be provided by the solubility-enhancement effect of the Triton X-100 micelles. For example, certain surfactants are known to increase the mass-transfer co-efficient during the desorption of pollutants from soil to water, presumably due to the better swelling of soil organic matters and more complete diffusion of the solvent into the solid matrix.\[[@ref43]\]

Thompson and Doraiswamy\[[@ref19]\] in their study have reported that the addition of surfactants to ultrasonic systems reduces the surface tension of the medium, thus reducing the cavitation threshold and facilitating the generation of bubbles. Based on these aspects, we can expect that using surfactant solutions as solvent in PLE and applying ultrasonic in this system, the results can be promising. Assuming that the addition of surfactant could act to enhance of solubility of the compounds in the extracting solvent and also could reduce the surface tension, the generation of cavitation bubbles consequently will be facilitated. These effects combined could provide good results of mass transfer in the extraction process.

Recently, glycol derived solutions, mainly polyethylene glycol (PEG) solutions have attracted increasing interest as novel solvents due their excellent properties and potential application to extraction in analytical chemistry.\[[@ref44]\] Owing to their good biocompatibility and low immunogenicity, PEGs are on the Food and Drug Administration\'s (FDA\'s) GRAS list and have been approved by FDA for internal consumption. Among several advantages, PEG has good miscibility with water and organic solvents, as well as good solubility for various organic compounds. Therefore, PEGs are used as environmentally friendly solvents. Moreover, the addition of PEG in solutions of water or other solvents can increase the solution viscosity. PEG has been used as a green solvent in the microwave-assisted extraction of flavones and coumarin compounds from medicinal plants.\[[@ref45]\] But to our own known, PEG solutions still were not used as extracting solvent to ultrasound-assisted extraction. As discussed previously, the ultrasonic intensity increases for solvents with high viscosity. Therefore, we can expect that the use of solutions with high viscosity as alternative solvent for ultrasound assisted extraction process can enhance the mass transfer producing good results of yield and selectivity of extraction.

Modeling of ultrasound assisted pressurized fluid extraction {#sec2-7}
------------------------------------------------------------

The mass transfer process in solid-liquid extraction involves two chief steps. According to the model proposed by Sovová\[[@ref46]\] in modeling SFE, as a result of seed physical manipulation such crushing the extracted solid contains both broken and intact cells. It is then assumed that micro-structurally, a seed particle contain: (i) Soluble material easily accessible, which is extracted at a rate that is controlled by the external resistance to mass transfer and is located in fractured cells in the particle surface; and (ii) "tied" soluble material, which is extracted at a rate that is determined by internal mass transfer mechanisms and is localized in undamaged cells and/or partially damaged cells in the inner portions of the particle. This second step is usually much slower and regarded as limiting step for most solid-liquid systems.

In the literature, some authors affirm that the effective enhancement of extraction with ultrasound should mainly affect the second step.\[[@ref7][@ref47]\] This affirmation is according with the founded by some authors,\[[@ref33][@ref36][@ref48]\] however, there is no consensus regarding this point. Balachandran *et al*.\[[@ref18]\] have reported inverse effect. They observe that when ultrasound is applied during SFE process, the predicted effective diffusivity in the first extraction step approximately doubles, suggesting that the ultrasonic vibration has either increased the number of ruptured cells and/or provided faster access for the solvent to remove solutes from these cells. The effective diffusivity in the second stage also increases when ultrasound is applied, but the enhancement is less significant. Nevertheless, all authors agree that each solid matrix-solvent system have a particular interaction mode and then the ultrasound effect can act by different ways.

To the best of our knowledge, there is few or any work about modeling of UAPLE. However, it is an important field to study.

CONCLUSION {#sec1-5}
==========

The aspects presented in this work established the potentiality of coupling ultrasound with high-pressure green extraction techniques to overcome its drawbacks. The major advantages of ultrasound assisted extraction are the less energy requirement, solvent usage and process time. The variables of the process have a strong influence on the extraction performance and should be careful studied in the laboratory for any process in the pharmaceutical, cosmetic or food industry to obtain bioactive compounds from medicinal plants.
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